after the operation but was significantly reduced six months later. Pdi was inBackground -Lung volume reduction (LVR) has recently been used to treat creased three and six months after surgery.
after surgery. PaCO 2 was higher on the day LVR. thorax. Five patients were initially referred for at one, three, and six months after surgery. All were spontaneously breathing room air and
no. (l (%)) (l (%)) (l (%)) (l (%)) (kPa) (kPa)
sitting in an upright position. Airway pressure (Paw) was measured through a catheter attached to the flow sensor and oesophageal pressure (Poes) by a nasogastric tube incorporating an oesophageal balloon. been listed for transplantation, and were thought to be suitable candidates for LVR on The correct position of the balloon was detected using the occlusion test. 7 The oesothe basis of severity of disease, extent of hyperinflation, and anatomical suitability. LVR phageal balloon and the flow sensor were connected to a portable monitor (CP-100 was offered to these patients as an alternative and all of them decided to undergo the pro-Cardiopulmonary Monitor, Bicore Monitoring System Inc, Irvine, California, USA), providing cedure.
a real-time display of V , volume, Paw, and Poes tracings, and loops of Poes/V and Paw/V , and the monitor was connected to a printer. The   Preoperative assessment included standard accuracy of the measurements provided by this monitoring system is satisfactory.
8 pulmonary function testing (table 2) , arterial blood gas measurement (table 2) , quantitative Minute ventilation (V) and breathing pattern (tidal volume, respiratory frequency, durnuclear lung perfusion and ventilation scan, and catheterisation of the right side of the heart. ation of inspiration and expiration, and the duty cycle) were analysed from the flow signal, Catheterisation of the left side of the heart and coronary angiography were performed if and patient work of breathing (WOB) values were provided directly by the Bicore system. 9 significant coronary artery disease was suspected. Anatomical assessment included post-The WOB was defined as the amount of force required to cause a volume change across the eroanterior and lateral chest radiographs taken in inspiration and expiration and a spiral com-opposing forces of the airways (frictional), lung (elastic), and chest wall. Simultaneous puted tomographic (CT) scan. Patients were selected according to the following criteria: measurement of airflow and transpulmonary pressure using the oesophageal balloon and 10%<FEV 1 <40% of predicted value, mean pulmonary artery pressure at rest <5.32 kPa volume measured via the flow transducer during spontaneous respiration defines parameters (40 mmHg); Pa 2 at rest <6.65 kPa, CT scan showing structural inhomogeneity despite ab-required to determine the WOB. The changes in pressure and volume can be analysed graphsence of lesions of more than 5 cm in diameter. Patients with ventilation/perfusion mismatch, ically with the Bicore CP-100 monitor, and the area enclosed within a volume-pressure loop those with a severe disease of another organ such as coronary artery disease or signs of has the units of mechanical work. 10 PEEPi was estimated using the Bicore moncerebral ischaemia, and patients showing a lack of co-operation were excluded.
itor. In a spontaneously breathing patient an oesophageal balloon catheter system was used to measure PEEPi during unoccluded breathing. This was achieved by calculating the neg-  A standard median sternotomy incision was ative deflection in Poes from the start of inspiratory effort to the onset of inspiratory made and the side with the worse preoperative lung function was done first. The lung was V . 11 12 Arterial blood gas tensions were measured on deflated and one lung ventilation directed to the contralateral side. The goal was to remove the same days as the mechanical measurements. 20-30% of the volume of each lung, concentrating on the most destroyed parts of the   lung. In patients with homogeneous dis- tribution of the emphysematous process (ac-Oesophageal and gastric pressures (Pga) were cording to HRCT scan findings), portions of measured with a water perfused system as deall lobes were excised. In order to avoid air scribed previously. 13 Transdiaphragmatic presleaks bovine pericardial staple lines were used to sure (Pdi) was calculated by subtracting Poes buttress the staple line as described previously. 4 from Pga preoperatively and at one, three, and six months postoperatively.
   
Ventilatory mechanics were assessed with a    Spirometric and plethysmographic measBicore CP-100 monitor 5 6 on the day before surgery, daily for seven days after surgery, and urements were made in all patients before surgroup.bmj.com on June 25, 2017 -Published by http://thorax.bmj.com/ Downloaded from volume method (Jaeger, Wuerzburg, Germany). The lung function parameters were compared with the reference values given by the European Community for Steel and Coal. 14 
 
The paired Student's t test was used to test for differences in WOB, PEEPi, Cdyn, and Pa 2 before and after surgery by comparing the preoperative values with those one day after the operation. Thereafter, we tested whether the differences were sustained at seven days and at six months after surgery. The results from this analysis are presented as mean differences from baseline with 95% confidence intervals and p values. In addition, changes from baseline line. For this purpose baseline was regarded as 100%. The paired Student's t test was used to test for significant differences in spirometric values, Poes, and Pdi at one, three, and six months after surgery compared with the preoperative value. Values are expressed as mean (SE) and a p value of <0.05 was considered significant.
Results
Work of breathing improved significantly (p<0.001) after surgery from a preoperative value of 1.76 (0.19) joule/l to 0.93 (95% CI 0.46 to 1.40) joule/l 24 hours after surgery (p<0.001), which represents a decrease of 52.8 (10.8)%. Seven days after surgery WOB decreased 1.1 (95% CI 0.7 to 1.5) joule/l (p<0.001) and at six months it had decreased 1.1 (95% CI 0.7 to 1.5) joule/l (p<0.001; fig present in all patients preoperatively with a mean value of 0.73 (0.12) kPa (fig 2) , and decreased 0.61 (95% CI 0.35 to 0.87) kPa (p<0.001), a decrease of 83.6 (16.2)%, on day 1 after surgery. On day 7 after surgery the mean difference in PEEPi was 0.69 (95% CI 0.38 to 0.99) kPa (p<0.001) and six months after surgery it was still 0.49 (95% CI 0.16 to 0.82) kPa (p<0.005), which represents a decrease in PEEPi of 67.1 (19.2)% (p<0.005).
Dynamic compliance (Cdyn) averaged 234.7 (40.8) ml/kPa before surgery (fig 3) and during the postoperative course it increased significantly (p<0.001). On the first postoperative day Cdyn increased 182.5 (95% CI 80.8 to 284.2) ml/kPa (p<0.01), which represents an increase of 75.5 (18.8)% (p<0.01). The mean difference in Cdyn on day 7 after surgery was 293.7 (95% CI 193.2 to 394.2) ml/kPa (p<0.001) and six months after surgery it was In addition, we found a significant reduction in airway resistance; the mean difference from the baseline value of 18.0 (2.0) cm H 2 O/l/s was gery and at one, three, and six months postoperatively. Spirometric tests were per-8.9 (95% CI 4.9 to 12.9) cm H 2 O/l/s seven days after the operation (p<0.01) and 8.6 (95% formed using an open system with integration of the flow system, and whole body ple-5.1 to 12.1) cm H 2 O/l/s (p<0.01) six months after LVR. thysmography was carried out by the constant Spirometric tests showed significant (p<0.05) increases in FEV 1 , VC, and significant decreases in RV and TLC one, three, and six months postoperatively (table 4).
Discussion
We found an immediate and sustained reduction in WOB and PEEPi, as well as an increase in Cdyn, Pdi, and Poes after LVR.
In patients suffering from chronic obstructive pulmonary disease (COPD) lung emptying is slowed and expiration is interrupted by the next inspiratory effort before the patient has exhaled to static relaxation volume. 15 This dynamic hyperinflation has a number of adverse effects: 16 (1) the respiratory muscles operate at an unfavourable position on their lengthtension curve; (2) elastic recoil of the chest wall is directed inwards, causing an extra elastic curve of the lung. These factors cause a decrease in the efficiency of force generation by the respiratory muscles and an increase in the spiratory work is dissipated as heat in overcoming resistive forces and the remaining 50% is stored as potential energy in the deformed A significant difference (p<0.05) was noted in Pdi and Poes three and six months after tissues of the lung and chest wall and is used during expiration. 19 In contrast, in patients with surgery compared with preoperative values, but no significant improvement was found at one asthma expiratory work constitutes 57% of the total work per breath. 20 21 One of the reasons month after surgery (table 3) .
Minute ventilation (V) showed comparable for this phenomenon is the high resistance of the airways due to airway collapse caused by values during the whole observation period: 8.4 (0.7) l/min before surgery, 7.6 (0.6) l/min hyperinflated surrounding tissue and increased compliance of the airways. 22 Hyperinflated lung on the first day after surgery, and 9.0 (0.6) l/min on the seventh postoperative day. Six tissue is removed by LVR and extramural pressure on the airways is diminished. This should months after surgery the V was 9.2 (0.6) l/ min. Similarly, we found no significant changes lead to a reduction in airways resistance and reduced WOB. in respiratory frequency (20 (1) breaths/min before surgery, 22 (1.3) breaths/min one day Changes in minute ventilation or respiratory pattern can contribute to changes in WOB and after surgery, 21 (2) seven days after the operation, and 18 (2) breaths/min six months after PEEPi. As no significant change in minute ventilation and respiratory pattern were obsurgery) or duty cycle (Ti/Ttot) 0.39 (0.01) before surgery compared with 0.36 (0.02) on served compared with preoperative values, a change in respiratory pattern is not responsible day 1 after surgery, 0.41 (0.01) seven days after surgery, and 0.42 (0.02) six months after LVR for the reduction in WOB or PEEPi observed postoperatively. surgery.
Pa 2 was significantly (p<0.05) raised on LVR also reduces thoracic distension which leads to increased inspiratory work performed the first postoperative day (fig 4) with a mean (95% CI) increase of 1.19 (0.48 to 1.90) kPa, by the inspiratory muscles against the elastic group.bmj.com on June 25, 2017 -Published by http://thorax.bmj.com/ Downloaded from recoil of the lungs and the chest wall. The progressive nature of emphysema. LVR is probably not a cure for end stage emphysema but reduction in thoracic distension might therefore be another explanation for the observed re-can lead to a transient reduction in hyperinflation. duction in WOB.
PEEPi was present in all our patients before Cdyn, which was markedly reduced in our patients compared with healthy subjects, 29 was the operation. In spontaneously breathing patients PEEPi might be overestimated because improved significantly on the day after surgery (p<0.01). This finding was surprising as we of activity of the abdominal muscles during expiration, which cannot be completely ruled had expected Cdyn to be reduced immediately after the operation due to surgical trauma of out by our data 23 as gastric pressure was not assessed during the early postoperative period. the lung tissue. Decompression of lung tissue seems to be responsible for this rapid and Nevertheless, a sudden and sustained change in expiratory muscle activity, which we think sustained rise in Cdyn postoperatively. During the postoperative observation period Cdyn rose is very unlikely, would be necessary to explain our results. On the other hand, underestimation further, probably because of tissue healing. The values determined three and six months postof PEEPi can be caused by the measuring technique as PEEPi determined in spon-operatively are still in the normal range. 29 Higher values for Pdi and Poes were observed taneously breathing patients represents the minimum PEEPi. It is the minimum PEEPi to three and six months after surgery whereas no difference was noted in the first postoperative be counterbalanced in order to initiate inspiratory flow, 12 whereas PEEPi determined measurement made one month after surgery, probably because the patients were still rewith the occlusion technique represents average PEEPi. 12 The fact that we determined mini-covering from the operation and it is well known that diaphragmatic function is impaired after mum PEEPi does not diminish the value of our results as we would have underestimated thoracotomy and upper abdominal surgery due to reflex changes and postoperative pain.
30
PEEPi in all measurements. PEEPi is present in patients with emphysema Transdiaphragmatic pressures determined three and six months after LVR are therefore and is caused by air trapping, and dynamic pulmonary hyperinflation is caused by collapse probably more representative of diaphragmatic function. The improvement in diaphragmatic of airways during expiration and an increase in airway resistance. 24 This airway collapse is said function three and six months after surgery agrees well with the findings of other studies to be caused by collapse of airways and compression of intact lung tissue by surrounding that have examined the relation of lung volume to diaphragmatic force generation in patients hyperinflated lung tissue. 24 Airways resistance is usually increased after thoracic surgery even with COPD after lung transplantation and healthy volunteers.
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Improved respiratory without resection of lung tissue, 25 and resection of lung tissue with normal ventilatory function muscle function after LVR seems to be one of the factors contributing to functional imadds to the post-thoracotomy increase in airways resistance. 26 In addition, it is unlikely that provement after LVR. The improvement in spirometric values (table 4) in our study was raised airways resistance due to bronchospasm is cured by surgery. The only reasonable ex-similar to that in other studies. 1 We conclude that WOB is dramatically replanation for the early reduction in airways resistance, PEEPi, and WOB determined dur-duced after LVR and the reduction is sustained due to improvement in lung compliance and ing comparable minute ventilation therefore seems to be decompression of airways, which reduction in PEEPi. This reduction is accomplished by removal of hyperinflated lung leads to an increase in the total bronchial diameter and thus to a reduction in airways re-tissue and thus decompression of the remaining tissue as well as a reduction in thoracic dissistance causing a reduction in dynamic pulmonary hyperinflation closely related to tension. Respiratory muscle function is also improved after LVR and results in functional PEEPi, 27 and overall to a decrease in total WOB. 28 improvement. Lung volume reduction seems to be an attractive alternative to transplantation As PEEPi was markedly reduced immediately after surgery in our patients we con-or might be used as an interim measure. [32] [33] [34] clude that removal of destroyed and 
